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We report the space selective precipitation of Pd nanoparticles in Pd2+-doped silicate glass by ultrashort laser pulses
irradiation and further annealing. Absorption spectra, transmission electron microscopy, refractive index measurement
and Z-scan technique demonstrated that metallic Pd nanoparticles were precipitated in the glass sample after irradiation
by an 800-nm femtosecond laser and subsequent annealing at 600 1C. We discuss a refractive index change and
nonlinear absorption that combines the precipitation of Pd nanoparticles.
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Femtosecond (fs) ultrashort pulse lasers have
become powerful tools for the fabrication ofe front matter Crown Copyright r 2005 Published b
ysgro.2005.04.004
ng author. School of Materials Science and
st China University of Science and Technology,
long Road, Shanghai 200237, China. Tel.:
7; fax: +8621 64253395.
ss: zenghuidan@yahoo.com.cn (H. Zeng).functional opto-electric devices, as they can induce
various controllable microstructures in transpar-
ent materials due to color center formation, re-
fractive index change, valence state manipulation
and so on [1–3]. Different optical functions such as
fabrication of optical waveguide, coupler and
photonic crystal, three-dimensional optical storage
and rewritable optical memory have been demon-
strated [4–8]. Recently, ultrashort laser interac-
tions with metallic ion-doped glasses, especiallyy Elsevier B.V. All rights reserved.
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extensively studied because of their unique linear
and nonlinear optical properties. Cheng et al. [9]
investigated the refractive index change in Ag+-
doped Foturan glass by fs laser irradiation
followed by postbaking. Qiu et al. [10–12] devel-
oped an effective method to fabricate space
selectively precipitated metallic nanoparticles in
glass with an fs laser irradiation. The size of the Au
(Ag) nanoparticles inside Au+ (Ag+) ion-doped
glass samples and their spatial distribution can be
controlled by the laser irradiation or annealing
conditions. Qu et al. [13,14] studied super optical
properties of those composite glass samples and
demonstrated their promising application for
waveguide and micrograting, etc. However, to
our knowledge, the glass containing Pd nanopar-
ticles has not been widely studied, and its optical
nonlinear property has not been investigated. In
this paper, we present space selective precipitation
of Pd nanoparticles inside a silicate glass by fs laser
irradiation with further annealing. Especially, we
observe that interesting refractive index change
and nonlinear optical absorption that combine the
precipitation of Pd nanoparticles.2. Experimental procedures
2.1. Sample fabrication
The fabrication method is a three-step process
(melting–irradiation–annealing) described else-
where [15]. The glass composition in this study
was 70SiO2  20Na2O  10CaO  0.01 PdO (in
mol%). Reagent grade SiO2, Na2CO3, CaCO3,
and PdCl2 were used as raw materials. They were
mixed and melted at 1550 1C for 4 h under the
ambient atmosphere. The resultant glass was cut
and polished into a 2-mm-thick plate. The glass
sample, thus obtained, was irradiated using
800 nm, 120 fs and 1KHz Ti:sapphire mode-
locked fs laser beams. The laser pulses with an
output power of 40mW was focused by a 10
objective lens with a numerical aperture of 0.3.
The position of the focal point was 500 mm below
the sample surface with the help of a computer-
controlled three-dimensional translation stage atthe scanning rate of 2500 mm/s. Grating structures
with a period of 10 mm were inscribed into the glass
samples by laser direct writing. The irradiated
sample was then annealed in an electric furnace
with a heating rate of 5 1C/min.
2.2. Measurements
Optical absorption spectra of the samples were
measured using a JASCO V-570 spectrophot-
ometer. Diffraction efﬁciencies were examined by
using a He–Ne laser beam. TEM observations
were carried out using JEM-2010 Electron Micro-
scope (JEOL). In the Z-scan experiment, the
sample was measured by a frequency doubled, Q-
switched, mode-locked continuum ns /ps Nd:YAG
laser (8 ns, 532 nm, 1Hz, 150 mJ). Both the incident
and transmitted laser pulses were monitored
simultaneously by using two energy detectors
(Rjp-735, Laser Precision).3. Results and discussion
3.1. Absorption measurements
Fig. 1 shows the absorption spectra of the glass
samples before (a) and after irradiation (b), and
after further annealing at 300 1C (c), and 600 1C
(d).
The original glass sample was colorless and
transparent in the visible wavelength region. The
sample became gray after laser irradiation. New
absorption bands around 430 and 620 nm, which
correspond to non-bridging oxygen hole centers
HC1 and HC2, respectively, could be observed [16].
The result indicates that irradiation of the fs laser
made electrons excited from non-bridging oxygen
and color centers were then generated. During the
following annealing treatment, with increasing
annealing temperature, the gray color became
lighter and lighter. Finally, the color totally dis-
appeared when the annealing temperature reached
300 1C. The sample remained colorless and trans-
parent until the annealing temperature reached
600 1C. In the latter case, however, no apparent
absorption peak could be observed, but there was
an increase in absorbance in ultraviolet–visible
ARTICLE IN PRESS
Fig. 1. Absorption spectra of the glass samples before (a) and
after irradiation (b), and after further annealing at 300 1C (c)
and 600 1C (d).
Fig. 2. TEM micrograph of glass samples after femtosecond
laser irradiation and further annealing at 600 1C.
H. Zeng et al. / Journal of Crystal Growth 280 (2005) 516–520518wavelength. Consequently, gray color appeared
again. Different from Au and Ag nanoparticles,
nanometer-sized Pd particles showed the surface
plasma resonance absorption peak around 290 nm
[17], where the glass matrix has great absorption.
So the Pd plasma resonance absorption proﬁle
does not feature a well-deﬁned band.
3.2. TEM analysis
Fig. 2 shows a TEM micrograph of 0.01mol%
PdO-doped silicate glass after fs laser irradiation
and further annealing at 600 1C. Composition
analysis using energy dispersive spectroscopy in
TEM conﬁrms that these arrowed spherical
nanoparticles are metallic Pd with the average size
of around 6 nm.
Obviously, precipitated Pd nanoparticles in
glass matrix are due to the joint role of fs laser
irradiation and annealing at 600 1C. It is known
that by using a 10 microscope focusing the fs
laser with 120-fs pulse width and 40-mJ pulse
energy, the ultrahigh power density of
3.9 1015W/cm2 can be achieved which is sufﬁ-
cient for inducing nonlinear optical effects in glass.Thus multiphoton absorption most likely occurs
near focal point of the laser beam resulting in
electron–hole production. Besides the trapping of
electron and hole by active sites to form color
centers, the free electrons are also possibly trapped
by Pd2+ ions to form Pd0 atoms. Aggregation of
the Pd0 atoms is accelerated at elevated tempera-
ture till critical dimensions of Pd nanoparticles
precipitation attained.
The above-mentioned precipitation mechanism
of Pd nanoparticles can be expressed as follows:
Glass matrix !irradiation hþ e; (1)
Pd2þ þ 2e! Pd0, (2)
nPd0!kT Pdn, (3)
where n is the number of Pd atoms congregation
into Pd nanoparticles.
In brief, the precipitation involves two pro-
cesses: photoreduction of Pd ions to atoms
induced by a multiphoton process and precipita-
tion of Pd particles driven by further annealing,
which is similar as that of Ag (Au) nanoparticles
[10]. Since no Pd nanoparticles were observed
in the sample annealed at a temperature
ARTICLE IN PRESS
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temperature for the precipitation of Pd nanopar-
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Fig. 4. Diffraction efﬁciency after fs laser irradiation and
further annealing: (A) after fs irradiation under room
temperature; (B) after irradiation and annealing at 300 1C; (C)
after irradiation and annealing at 600 1C.3.3. Diffractive performance and refractive changes
In order to further clarify the mechanism of Pd
nanoparticles, we also investigate the ﬁrst-order
diffraction efﬁciency after fs irradiation and
further annealing which is closely correlated with
the refractive index change. As shown in Fig. 3,
apparent color change and internal grating was
obtained after the direct scanning of fs laser. We
coupled a He–Ne laser (632.8 nm) beam into the
fabricated internal grating and clearly observed
74 order diffraction patterns. The correspond-
ing diffraction efﬁciencies after fs laser irradiation
and further annealing are shown in Fig. 4.
Stronger diffraction pattern of the ﬁrst order
(diffraction efﬁciency 3.4%) could be observed
after the fs laser irradiation, and then decreased
gradually and disappeared while the sample was
subjected to annealing at 300 1C. No diffraction
pattern could be observed until annealing tem-Fig. 3. Photograph of internal diffraction grating structures
induced by scanning the glass sample by a femtosecond laser.perature reached 600 1C when the measured
diffraction efﬁciency was about 5.4%.
Based on the relationship of the diffraction
efﬁciency with a refractive index change [18,19], we
conclude that there is a refractive index change in
the glass sample induced by irradiation of the fs
laser. It is obviously associated with the process of
color center formation. And with the increase in
annealing temperature, refractive index change
decreased almost to zero at 300 1C along with the
color centers disappearing. After annealing at
600 1C, the refractive index change increased,
which is attributed to the precipitation of Pd
nanoparticles. In order to enhance the refractive
index change effect, further research on increas-
ing the content of Pd nanoparticles would be
interesting.
3.4. Nonlinear absorption
Fig. 5 shows the nonlinear absorption of the Pd
nanoparticles-doped glass sample measured by
using Z-scan without an aperture. Smooth and
symmetric valley-shaped and apparent reverse
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Fig. 5. Experimental results of Z-scan without an aperture for
the glass sample containing Pd nanoparticles.
H. Zeng et al. / Journal of Crystal Growth 280 (2005) 516–520520saturable absorption could be observed, that is the
characteristic nonlinear absorption performance
[20]. Compared with other samples which did not
show nonlinear absorption behavior, we reason-
ably attribute it to the precipitation of Pd
nanoparticles.4. Conclusion
Pd nanoparticles were three-dimensional pre-
cipitated in Pd ion-doped silicate glasses by an fs
laser irradiation and further annealing. There is a
threshold annealing temperature (600 1C) for the
formation of Pd nanoparticles in this case. The
prepared Pd nanoparticles containing glass shows
a refractive index change and nonlinear absorp-
tion. Additionally, with this process, three-dimen-
sional in situ integration of opto-electronic devices
with space selective functions suiting for various
demands, in particular, for, ultrafast optical
switches, internal waveguide and grating may be
realized. Further studies are in progress.Acknowledgements
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